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Ultraviolet Irradiation Induces CYR61/CCN1,
a Mediator of Collagen Homeostasis,
through Activation of Transcription Factor
AP-1 in Human Skin Fibroblasts
Taihao Quan1, Zhaoping Qin1, Yiru Xu1, Tianyuan He1, Sewon Kang1, John J. Voorhees1 and Gary J. Fisher1
UV irradiation from the sun elevates the production of collagen-degrading matrix metalloproteinases (MMPs)
and reduces the production of new collagen. This imbalance of collagen homeostasis impairs the structure and
function of the dermal collagenous extracellular matrix (ECM), thereby promoting premature skin aging
(photoaging). We report here that aberrant dermal collagen homeostasis in UV-irradiated human skin is
mediated in part by a CCN-family member, cysteine-rich protein-61 (CYR61/CCN1). CYR61 is significantly elevated
in acutely UV-irradiated human skin in vivo, and UV-irradiated human skin fibroblasts. Knockdown of CYR61
significantly attenuates UV irradiation-induced inhibition of type-I procollagen and upregulation of MMP-1.
Determination of CYR61 mRNA and protein indicates that the primary mechanism of CYR61 induction by UV
irradiation is transcriptional. Analysis of CYR61 proximal promoter showed that a sequence conforming to the
consensus binding site for transcription factor activator protein-1 (AP-1) is required for promoter activity. UV
irradiation increased the binding of AP-1-family members c-Jun and c-Fos to this AP-1 site. Furthermore,
functional blockade of c-Jun or knockdown of c-Jun significantly reduced the UV irradiation-induced activation
of CYR61 promoter and CYR61 gene expression. These data show that CYR61 is transcriptionally regulated by
UV irradiation through transcription factor AP-1, and mediates altered collagen homeostasis that occurs in
response to UV irradiation in human skin fibroblasts.
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INTRODUCTION
Absorption of solar UV irradiation by skin cells alters the
chemical structure of DNA and causes oxidative stress
(Gilchrest and Yaar, 1992; Scharffetter-Kochanek et al.,
1997; Biesalski et al., 2003; Ichihashi et al., 2003; Yaar and
Gilchrest, 2007). These alterations activate intracellular
signaling pathways that regulate multiple cellular functions
in the skin (Fisher et al., 1996, 1998, 2002; Fisher and
Voorhees, 1998; Rittie and Fisher, 2002; Quan et al., 2004).
Exposure of human skin to UV irradiation induces matrix
metalloproteinases (MMPs), which degrade the collagenous
extracellular matrix (ECM) that comprises the bulk of
skin connective tissue (dermis) (Fisher et al., 1996, 1997).
UV irradiation also reduces the production of type-I
procollagen, the primary structural protein in skin (Talwar
et al., 1995; Fisher et al., 2000). Collagen fragmentation and
inhibition of collagen production impair the structural
integrity of the dermis, and are prominent features of the
pathophysiology of premature skin aging (photoaging) (Fisher
et al., 1996, 1997, 2002; Fisher and Voorhees, 1998; Fligiel
et al., 2003). The molecular mechanisms by which UV
irradiation alters collagen homeostasis in UV-irradiated
human skin are not fully understood.
Cysteine-rich protein-61 (CYR61) is a secreted, ECM-
associated signaling molecule that belongs to the CCN-gene
family (Lau and Lam, 1999). CCN family includes six distinct
genes: CYR61/CCN1, CTGF/CCN2, NOV/CCN3, and Wnt-
induced secreted protein WISP-1/CCN4, WISP-2/CCN5, and
WISP-3/CCN6 (Brigstock, 1999; Brigstock et al., 2003). CCN-
family members have been shown to have diverse functions,
including cell growth, adhesion, migration, angiogenesis, and
regulation of ECM (Kireeva et al., 1996; Chen et al., 2001b;
Perbal et al., 2003). Altered expression of CCN genes is
associated with several pathological states, including fibrotic
diseases and tumorigenesis (Brigstock et al., 2003; Leask and
Abraham, 2003; Planque and Perbal, 2003; Perbal, 2004). As
an ECM-binding protein, the biological functions of CYR61
are primarily mediated through interactions with multiple
integrin receptors in a cell-dependent manner (Kireeva et al.,
1998; Jedsadayanmata et al., 1999; Lau and Lam, 1999; Chen
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et al., 2000; Grzeszkiewicz et al., 2001; Leu et al., 2002). In
cell culture models, recombinant CYR61 protein has been
shown to regulate cell adhesion, migration, cell–matrix
interactions, and synthesis of ECM in endothelial cells and
skin fibroblasts (Kireeva et al., 1996; Chen et al., 2001a, b). In
mice, disruption of CYR61 is embryonic lethal, primarily due
to failure of the vascular development of placenta (Mo et al.,
2002).
We have previously reported that CYR61 is predominantly
expressed in the human skin dermis and is elevated in
photoaged and naturally aged human skin. CYR61 functions
as a novel mediator of aberrant collagen homeostasis (Quan
et al., 2006). In dermal fibroblasts, elevated CYR61 exerts
dual effects on collagen homeostasis by inhibiting type-I
collagen production and promoting collagen degradation,
resulting in a net deficit of collagen. We have investigated the
regulation of CYR61 by UV irradiation, and its role in altered
collagen homeostasis, in human skin in vivo and in cultured
human dermal fibroblasts. Our data show that UV irradiation
upregulates CYR61 through activation of transcription factor
AP-1, and CYR61 is involved in regulating the balance
between the production of collagen and the production of
collagen-degrading MMP-1.
RESULTS
UV irradiation induces CYR61 in human skin in vivo
We have previously reported that CYR61 is elevated in
dermal fibroblasts in photoaged human skin (Quan et al.,
2006). Photoaging results from cumulative alterations
brought about by chronic exposure to UV irradiation.
Therefore, we investigated the effect of a single UV
irradiation exposure on CYR61 mRNA and protein expression
in sun-protected human buttock skin in vivo. To determine
CYR61 expression in the dermis, the dermis was separated
from epidermis by dissection of full-thickness human skin,
and total RNA and protein were isolated from the dermis. As
shown in Figure 1a, UV irradiation transiently but signifi-
cantly increased the levels of CYR61 mRNA within 4 hours.
Maximum induction (6.5-fold) was observed at 8 hours after
UV irradiation. CYR61 mRNA remained elevated for 16 hours
and returned to basal level 24 hours after irradiation. CYR61
protein levels were also increased within 4 hours after UV
irradiation. However, unlike CYR61 mRNA, CYR61 protein
level remained elevated for at least 24 hours after UV
irradiation (Figure 1b).
CYR61 is induced by UV irradiation and regulates collagen
homeostasis in human skin fibroblasts
We next investigated the effect of UV irradiation on the
expression of CYR61 in cultured primary dermal fibro-
blasts. UV irradiation transiently increased CYR61 mRNA
(Figure 2a) and protein (Figure 2b) level 38 and 4-fold,
respectively, within 2 hours of exposure.
We have previously reported that elevated CYR61 exerts
dual effects on collagen homeostasis by reducing the levels of
type-I procollagen, the major structural protein in human skin
dermis, and promoting collagen degradation by upregulation
of MMP-1, the major collagen-degrading protease in human
skin (Quan et al., 2006). These data raise the possibility that
induction of CYR61 by UV irradiation alters collagen
homeostasis. To examine this possibility, CYR61 expression
was reduced by small interfering RNA (siRNA) before
exposure to UV irradiation and the levels of type-I procolla-
gen and MMP-1 were determined. Figure 3a and b show
that transfection of CYR61 siRNA markedly reduced the
endogenous CYR61 mRNA and protein level by more than
80%, as compared with control siRNA transfection. As
expected, UV irradiation substantially reduced type-I pro-
collagen protein level by 76% (Figure 3c) and increased
MMP-1 protein level by 3.6-fold (Figure 3d). Importantly,
this UV irradiation-induced reduction of type-I procollagen
and upregulation of MMP-1 were partially, but significantly,
attenuated by knockdown of CYR61. These data indicate
that CYR61 mediates altered collagen homeostasis,
which occurs in response to UV irradiation, in human skin
fibroblasts.
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Figure 1. UV irradiation induces CYR61 in human skin in vivo. Sun-protected
buttock skin of human volunteers was exposed to 2 minimum erythema doses
(2 MED) of UV irradiation. Skin samples were obtained at the indicated time
points after UV irradiation, and the dermis was separated from the epidermis
by dissection. (a) CYR61 mRNA levels were quantified by real-time RT–PCR
and normalized to mRNA for the internal control housekeeping gene 36B4.
Data are means±SEM, n¼ 5, *Po0.05. (b) CYR61 protein levels were
determined by western blot analysis. The inset shows representative western
blots. Data are means±SEM, n¼ 6, *Po0.05.
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UV irradiation does not alter CYR61 mRNA or protein stability
We next investigated the mechanisms by which UV irradia-
tion upregulates CYR61 gene expression. We first explored
the possibility that UV irradiation increases the stability of
CYR61 mRNA or protein. As shown in Figure 4, the half-life
of CYR61 mRNA (Figure 4a) and protein (Figure 4b) are
similar (approximately 1 hour and 30minutes, respectively),
in both non-irradiated and UV-irradiated human skin
fibroblasts. Therefore, UV irradiation does not alter the
stability of either CYR61 mRNA or protein.
UV irradiation-induced activation of CYR61 promoter is
dependent on the AP-1-binding site
To further investigate the mechanisms by which UV
irradiation upregulates CYR61 gene expression, we explored
whether UV irradiation stimulates the transcription of the
CYR61 promoter. Transcription of the CYR61 promoter
reporter construct (883/þ 1, CYR61-900-Luc) was increa-
sed 2.5-fold by UV irradiation, in human skin fibroblasts
(Figure 5). This stimulation of CYR61 promoter activity,
together with lack of UV irradiation to alter CYR61 stability,
indicates that induction of CYR61 mRNA and protein by UV
irradiation results primarily from activation of CYR61 gene
transcription.
CYR61 proximal promoter contains several regulatory
elements in addition to a core element (TATA-box) that is
required for basal expression (Kunz et al., 2003). Among the
binding elements, the AP-1 site has been shown to have an
important role in the regulation of CYR61 promoter
transcription by various stimuli (Han et al., 2003; Kunz
et al., 2003). As UV irradiation is a potent activator of AP-1
(Fisher et al., 1996, 1997; Fisher and Voorhees, 1998; Rittie
and Fisher, 2002), we tested two additional reporter
constructs: the AP-1-mutant construct (883/þ 1, CYR-
900APmut-Luc) and the AP-1-binding site (624) deletion
construct (605/þ1, CYR-600-Luc). As shown in Figure 5,
either mutation or deletion of the AP-1 element completely
abolished UV irradiation-induced CYR61 reporter activity.
UV irradiation increases protein binding to the AP-1 element in
the CYR61 promoter
We next examined the effect of UV irradiation on protein-
binding to the AP-1 element in the CYR61 promoter.
Electrophoretic mobility-shift assays (EMSAs) were performed
using probes derived from the AP-1-binding region of the
CYR61 promoter (CYR61/AP-1; Figure 6a). UV irradiation
substantially increased the intensity of the retarded DNA–-
protein complex (upper band) in a time-dependent manner
(Figure 6b). Competition EMSA, using excess non-radioactive
probes containing either wild-type or mutant AP-1 sequence,
showed specificity of the UV irradiation-induced retarded
complex. DNA–protein complex formation with the CYR61/
AP-1 probe was completely abolished by excess unlabeled
CYR61/AP-1 probe (Figure 6c) or unlabeled consensus AP-1
probe, but not by mutant CYR61/AP-1 probe or mutant AP-1
probe (Figure 6d). To further characterize DNA–protein
complex formation, we performed EMSAs with radioactive
wild-type or mutant CYR61/AP-1 probes and radioactive
wild-type or mutant consensus AP-1 probes. As shown in
Figure 6e, DNA–protein complexes were only observed with
CYR61/AP-1 or consensus AP-1 probes, but not with mutant
CYR61/AP-1 or mutant AP-1 probes.
To identify proteins bound to the CYR61/AP-1 probe, we
performed super-shift EMSAs using antibodies to AP-1-family
members (c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, and JunD).
Among the proteins tested, only antibodies to c-Jun and c-Fos
significantly reduced DNA–protein complex formation (data
not shown). To further identify AP-1 proteins that bound to
the CYR61/AP-1 probe, UV irradiation-induced retarded
complexes were excised, extracted, and subjected to western
blotting, using antibodies to AP-1-family members (c-Fos,
FosB, Fra-1, Fra-2, c-Jun, JunB, and JunD). Only c-Jun and
c-Fos proteins were detected in the retarded complexes
formed with the CYR61/AP-1 probe (Figure 6f). Taken
together the above data show that UV irradiation increases
the binding of c-Jun and c-Fos to the CYR61 promoter, and
this binding is necessary to drive CYR61 promoter activation.
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Figure 2. CYR61 is induced by UV irradiation in human skin fibroblasts.
Total RNA and whole-cell lysates were prepared from fibroblasts at the
indicated time points after UV irradiation. (a) CYR61 mRNA levels were
quantified by real-time RT–PCR. Data are means±SEM, n¼ 3, *Po0.05.
(b) CYR61 protein levels were determined by western blot analysis.
The inset shows representative western blots. Data are means±SEM,
n¼ 3, *Po0.05.
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Functional blocking or knockdown of c-Jun impairs UV
irradiation-induced activation of CYR61 promoter and CYR61
expression
Finally, we examined whether interfering with c-Jun function
blocked the UV irradiation-induced activation of the CYR61
promoter or CYR61 gene expression. Interference with c-Jun’s
function was achieved by expression of dominant-negative
mutant c-Jun (DN c-Jun) or siRNA-mediated knockdown of
c-Jun. As shown in Figure 7a, formation of UV irradiation-
induced AP-1 (c-Jun/c-Fos) binding to the CYR61/AP-1 probe
was significantly reduced by dominant-negative mutant
c-Jun or c-Jun knockdown. Similarly, UV irradiation-induced
CYR61 promoter activity (Figure 7b), CYR61 mRNA (Figure 7c),
and protein (Figure 7d) levels were significantly reduced by
either expression of DN c-Jun or c-Jun knockdown. These data
show that AP-1 mediates the UV irradiation-induced CYR61
gene expression in human skin fibroblasts.
DISCUSSION
UV irradiation is deleterious to the collagenous ECM, which
confers structural support to the skin. UV irradiation stimulates
collagen breakdown and inhibits procollagen production (Fisher
et al., 1996, 1997, 2000; Fisher and Voorhees, 1998). We have
previously reported that CYR61 functions as a novel negative
regulator of collagen homeostasis by inhibiting type-I collagen
production, the major structural protein in the human skin
dermis, and promoting its degradation (Quan et al., 2006).
This work has focused on investigating the role of CYR61 in
mediating the effects of UV irradiation on collagen homeo-
stasis and the molecular mechanisms by which UV irradia-
tion upregulates CYR61 gene expression in human dermal
fibroblasts. Our data indicate that UV irradiation markedly
upregulates CYR61 gene expression, both in human skin in vivo
and in cultured primary dermal fibroblasts. Importantly, induction
of CYR61 by UV irradiation mediates, at least in part, altered
collagen homeostasis. Reporter gene analysis indicated that
transcription driven by a 900-bp fragment of the human
CYR61 promoter is induced by UV irradiation in dermal
fibroblasts. The CYR61 proximal promoter contains a perfect
consensus AP-1 site, TGACTCA. Mutation or deletion of this
AP-1 DNA-binding site resulted in complete loss of induction
of CYR61 promoter activity in response to UV irradiation.
It is well-documented that AP-1 target genes regulate
diverse cellular processes, including cell growth and differen-
tiation, cell migration and invasion, tissue remodeling, cell-
cycle regulation, DNA repair, apoptosis, oncogenesis, and
metastasis (Schaulian and Karin, 2002; Ozanne et al., 2006).
The transcription factor AP-1 is typically composed of Jun
and Fos-family proteins. The Jun-family proteins consist of
c-Jun, JunB, and JunD, and the Fos-family proteins consist of
c-fos, fra-1, fra-2, and fosB. EMSA data suggest that Jun
homodimers or Jun–Fos heterodimers are the major AP-1
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Figure 3. Induction of CYR61 by UV irradiation regulates collagen homeostasis in human skin fibroblasts. Human skin fibroblasts were transfected
with control siRNA or CYR61 siRNA. (a) CYR61 mRNA levels were quantified 2 days after transfection by real-time RT–PCR. Data are means±SEM,
n¼ 3, *Po0.05. (b) CYR61 protein levels were determined 2 days after transfection by western blot analysis. The inset shows representative western blots.
Data are means±SEM, n¼3, *Po0.05. (c, d) Twenty-four hours after transfection with control siRNA or CYR61 siRNA, fibroblasts were mock UV-irradiated
or exposed to UV irradiation. Cells were analyzed 24hours after irradiation. Type-I procollagen (COL-I) (c) and MMP-1 (d) protein levels were quantified
by western blot analysis. The inset shows representative western blots. Data are means±SEM, n¼ 3, *Po0.05 versus no UV control siRNA, **Po0.05 versus
UV control siRNA.
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forms that activate the CYR61 promoter in response to UV
irradiation in human dermal fibroblasts. Furthermore, data
from functional blocking or knockdown of c-Jun indicate that
c-Jun, which is induced by UV irradiation (Fisher et al., 1997;
Fisher and Voorhees, 1998; Quan et al., 2005), has a key role
in the UV activation of CYR61 transcription in human dermal
fibroblasts.
CYR61 has been shown to be transcriptionally activated
by a variety of extracellular stimuli, and a 900-bp fragment of
the human CYR61 promoter contains several potential
transcription factor-binding sites (Han et al., 2003; Kunz
et al., 2003). Among them, hypoxia-inducible factor-1a
(Kunz et al., 2003) and CREB (Han et al., 2003) have been
shown to positively regulate the CYR61 promoter. FOXO3a
functions as a negative regulator of CYR61 transcription (Lee
et al., 2007). Despite the presence of several functional
transcription factor-binding sites in the CYR61 promoter, our
data indicate that transcriptional regulation of CYR61 in
response to UV irradiation is primarily controlled by c-Jun/
AP-1, in primary human dermal fibroblasts. Interestingly, we
have reported that elevated CYR61 activates transcription
factor AP-1 (Quan et al., 2006), suggesting that a positive-
feedback mechanism may contribute to sustained elevation
of CYR61 in photoaged and UV-irradiated human skin. Taken
together, these data indicate that c-Jun/AP-1 is an important
determinant of CYR61 promoter activity and required for
induction of CYR61 gene expression by UV irradiation.
It should be noted that in addition to directly regulating
CYR61 gene expression, AP-1 binds to the MMP-1 promoter
to stimulate gene transcription (Birkedal-Hansen et al., 1993;
Mauviel, 1993; Matrisian, 1994; Fisher et al., 1996, 1997,
2002; Vincenti et al., 1996; Fisher and Voorhees, 1998). In
addition, c-Jun has been shown to trans-repress Smad3
(Verrecchia et al., 2000, 2001a, b), which mediates trans-
forming growth factor-b-stimulated production of type-I
procollagen. Therefore, induction of AP-1 by UV irradiation
potentially alters collagen homeostasis through both CYR61-
dependent and CYR61-independent pathways, in human
dermal fibroblasts.
The mechanisms by which CYR61 regulates altered
collagen homeostasis in response to UV irradiation remain
to be determined. CYR61 is elevated in the dermis of
photoaged and UV-irradiated human skin in vivo. Accumula-
tion of CYR61 in the ECM alters the composition of ECM, and
this altered ECM microenvironment may influence fibroblast
function. Secreted CYR61 may function as a ‘‘docking’’
protein to facilitate interactions among cell-surface receptors
and ECM proteins. Cellular interactions with the ECM are
largely mediated by integrin receptors. CYR61 interacts with
distinct integrins in a cell-type, function-specific manner to
mediate disparate biological activities (Lau and Lam, 1999;
Leu et al., 2002; Miranti and Brugge, 2002; Stupack and
Cheresh, 2002; Brakebusch and Fassler, 2003; Schober et al.,
2003; Monnier et al., 2008; Chen and Lau, 2009; Katsube
et al., 2009). For example, in skin fibroblasts, CYR61-
dependent cell migration and mitogenesis are mediated
through integrins aVb5 and aVb3 (Grzeszkiewicz et al.,
2001). The ability of CYR61 to regulate collagen homeostasis
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Figure 4. UV irradiation does not alter CYR61 mRNA or protein stability.
Human skin fibroblasts were incubated with the transcription inhibitor
actinomycin-D (10 mgml1) (a) or the translation inhibitor cycloheximide
(10mgml1) (b), and then either mock- or UV-irradiated. Total RNA or
whole-cell lysates were prepared at the indicated time points after UV
irradiation. (a) CYR61 mRNA levels were quantified by real-time RT–PCR
and were normalized to the mRNA of the housekeeping gene 36B4.
(b) CYR61 protein levels were determined by western blot analysis.
Band intensities were quantified by chemifluorescence and normalized
to internal control b-actin. The inset shows representative western blots.
Data are means±SEM, n¼3.
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Figure 5. Activation of the CYR61 promoter by UV irradiation is dependent
on the presence of an AP-1-binding site. Human skin fibroblasts were
transiently transfected with the wild-type CYR61 promoter/luciferase
construct (883/þ 1, CYR-900-Luc), or the AP-1 mutation construct
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after UV irradiation. CYR61 promoter/luciferase activities were normalized
to b-galactosidase activity. Data are means±SEM of relative CYR61 promoter
activity; n¼3, *Po0.05.
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prepared 2hours after UV irradiation. Lane 3 shows the extracted proteins from the retarded complexes formed with the CYR61/AP-1 probe. Results are representative
of three independent experiments.
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in response to UV irradiation is likely mediated by integrin
pathways. It is well-documented that integrin-mediated
pathways lead to stimulation of AP-1, which is an important
regulator of collagen homeostasis. Obviously, it will be of
great interest to investigate the interactions of elevated CYR61
with ECM proteins and integrins in non-irradiated human skin.
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Nuclear extracts were prepared 2 hours after UV irradiation and DNA–protein complexes were analyzed using a CYR61/AP-1 probe. The open triangle indicates
specific retarded complexes. The closed triangles indicate nonspecific bands. The closed arrow indicates free probes. Results are representative of three
experiments. (b) Functional blockade or knockdown of c-Jun impairs UV-induced activation of the CYR61 promoter. Fibroblasts were co-transfected with
the CYR61 promoter/luciferase construct (883/þ 1, CYR-900-Luc) and the b-galactosidase expression vector, and the dominant-negative c-Jun expression
vector (DN c-Jun), or c-Jun siRNA. Appropriate controls (Ctrl) were transfected with empty vector (pCDNA3.1) or control siRNA. Cells were exposed to UV
irradiation 24 hours after transfection. Promoter activity was determined 24 hours after UV irradiation by luciferase assay and normalized to b-galactosidase
activity. Data are means±SEM for fold change of CYR61 promoter activity relative to activity in non-irradiated controls; n¼ 3, *Po0.05 versus no UV control,
**Po0.05 versus UV control. (c, d) Functional blockade or knockdown of c-Jun impairs UV irradiation-induced CYR61 expression. Fibroblasts were transfected
with dominant-negative c-Jun expression vector (DN c-Jun) or c-Jun siRNA. Appropriate controls (Ctrl) were transfected with empty vector (pCDNA3.1) or
control siRNA. Twenty-four hours after transfection, cells were mock-irradiated or exposed to UV irradiation. Total RNA or whole-cell lysates were prepared
2hours after UV irradiation. (c) CYR61 mRNA levels were quantified by real-time RT–PCR. Data are means±SEM; n¼3, *Po0.05 versus no UV control,
**Po0.05 versus UV control. (d) CYR61 protein levels were determined by western blot analysis. The inset shows representative western blots. Data are
means±SEM, n¼3, *Po0.05 versus no UV control, **Po0.05 versus UV control.
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MATERIALS AND METHODS
Materials
Dulbecco’s Modified Eagle’s Medium, fetal calf sera, trypsin
solution, penicillin/streptomycin, and L-glutamine were purchased
from Gibco (Invitrogen, Carlsbad, CA). [g-32p]ATP was obtained
from Perkin Elmer (Boston, MA). CYR61 antibody and antigenic-
blocking peptide were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). c-Jun and c-Fos antibodies were purchased from
Transduction Laboratories (San Diego, CA). All other reagents were
purchased from Sigma Chemical Company (St Louis, MO).
Procurement of human skin samples and UV irradiation
All procedures involving human volunteers were approved by the
University of Michigan Institutional Review Board, and all volun-
teers provided written informed consent. All human studies were
conducted in adherence to the Declaration of Helsinki Principles.
Human skin punch biopsies were obtained from healthy adult
human volunteers, as previously described (Fisher et al., 1997,
1998). For UV irradiation, sun-protected buttock skin was irradiated
with 2 MED (minimum erythema dose) UVB/A2 using an Ultralite
Panelite lamp containing six FS24T12 UVB/A2B-HO bulbs (47%
UVB/A2B, 18% UVB/A2A2, 9% UVB/A2A1, 26% visible light,
filtered with Kodacel to remove wavelength below 290nm; Quan
et al., 2002a, b, 2004, 2009). Skin samples were obtained at the
indicated time points after UV irradiation. Severely photodamaged
skin and subject-matched sun-protected skin were taken from the
extensor forearm and sun-protected buttocks, respectively. Presence
of severe photodamage was determined on the basis of clinical
criteria, as described previously (Griffiths et al., 1993). Skin samples
were 4mm in diameter, full-thickness skin.
Cell culture and UV irradiation
Adult human skin primary dermal fibroblasts were isolated from
punch biopsy of healthy adult normal human skin, as described
previously (Fisher et al., 1991). Cells were cultured at 371C under
5% CO2 in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine sera (Life Technology, Rockville, MD). Cells
were used between passages 5 and 10. UV irradiation of human skin
primary dermal fibroblasts was performed as described previously
(Quan et al., 2001, 2002a, 2004, 2005). Briefly, sub-confluent cells
were irradiated with the UVB/A2 source (50mJ cm2) using an
Ultralite Panelite lamp containing six FS24T12 UVB-HO bulbs. The
UV irradiation intensity was monitored with an IL1400A photo-
therapy radiometer and a SED240/UVB/W photodetector (Interna-
tional Light, Newbury, MA). A Kodacel filter was used in order to
remove UVC (wavelengths below 290nm).
RNA isolation and quantitative real-time RT-PCR
Total RNA was isolated using a commercial kit (RNeasy Midi kit;
Qiagen, Chatsworth, CA) according to the manufacturer’s protocol.
To determine mRNA expression levels in the dermis, the dermis was
separated from the epidermis by dissection of full-thickness human
skin (Quan et al., 2002a). mRNA levels were quantified by real-time
reverse transcription–PCR (RT-PCR), as previously described (Quan
et al., 2005). Briefly, multiplex PCR reactions contained primers and
probes for the target gene and 36B4, a ribosomal protein used as an
internal normalization control for quantification. Target gene and
36B4 mRNA levels were quantified on the basis of standard curves,
and target gene levels were normalized to the expression level of the
housekeeping gene 36B4. The PCR primers and probes were
purchased from the Applied Biosystems custom oligonucleotide
synthesis service. The sequences of primers for CYR61, type-I
collagen, MMP-1, and c-Jun, and that of the FAM-labeled probes for
real-time PCR were described previously (Quan et al., 2005).
Western analysis
To determine CYR61 protein expression levels in human skin dermis,
the dermis was separated from the epidermis by dissection of full-
thickness human skin (Quan et al., 2002a). Western blotting was
performed as described previously (Quan et al., 2001). Briefly,
proteins from human skin dermis or fibroblast whole-cell extract
were resolved by 10% SDS–polyacrylamide gel electrophoresis,
transferred to a polyvinylidene difluoride membrane, and blocked
with PBST (0.1% Tween-20 in phosphate-buffered saline (PBS))
containing 5% milk. The primary antibodies were diluted in PBST
(1:200) and incubated with polyvinylidene difluoride membrane for
1 hour at room temperature. Blots were washed three times with
PBST solution and incubated with the appropriate secondary
antibody for 1 hour at room temperature. After washing three times
with PBST, the blots were developed with enhanced chemifluores-
cence (Vistra ECF Western Blotting System, Amersham Pharmacia
Biotech, Piscataway, NJ) following the manufacturer’s protocol. The
membranes were scanned using a STORM PhosphorImager (Mole-
cular Dynamics, Sunnyvale, CA) and the intensities of each CYR61
band were quantified and normalized using b-actin as internal
control.
Measurement of CYR61 mRNA and protein stability in
UV-irradiated human skin fibroblasts
Human skin fibroblasts were incubated with the transcription
inhibitor actinomycin-D or the translation inhibitor cycloheximide.
Actinomycin-D or cycloheximide was added directly to the media
before UV irradiation. Actinomycin-D and cycloheximide were used
at a concentration of 10 mgml1. The cells were either mock- or
UV-irradiated and total RNA or whole-cell lysates were prepared at
the indicated time points after UV irradiation. CYR61 mRNA levels
were quantified by real-time RT-PCR and normalized to the mRNA
for the housekeeping gene 36B4. CYR61 protein levels were
determined by western blot analysis. Band intensities were
quantified by chemifluorescence using a STORM PhosphorImager
and normalized to internal control b-actin.
Transient transfection and CYR61 promoter luciferase assays
Human skin fibroblasts were transiently transfected with the full-
length CYR61 promoter/luciferase construct (883/þ 1, CYR-900-
luc), or the AP-1 mutation construct (883/þ 1, CYR-900APmut-
luc), and AP-1 deletion construct (605/þ 1, CYR-600-luc). These
constructs were provided Dr Kunz (University of Rostock, Germany)
(Kunz et al., 2003). Cells were co-transfected with a b-galactosidase
expression vector to provide an internal control for transfection
efficiency. The dominant-negative mutant c-Jun (TAM-67) (Brown
et al., 1994; Fisher et al., 2000; Quan et al., 2005) expression vector
or c-Jun siRNA (siGENOME SMARTpool; Dharmacon RNA
Technologies, Lafayette, CO) was co-transfected with the full-length
CYR61 promoter/luciferase construct (883/þ 1, CYR-900-luc). CYR61
siRNA (AAGCAGCGTTTCCCTTCTACA) was designed and purchased
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from Qiagen. All plasmids and siRNA were transiently transfected into
dermal fibroblasts by electroporation using a human dermal fibroblast
nucleofector kit (Amaxa Biosystems, Gaithersburg, MD) according to the
manufacturer’s protocol. Aliquots containing identical b-galactosidase
activity were used for each luciferase assay. Luciferase
activity was measured using an enhanced luciferase assay kit
(PharMingen International, San Diego, CA) according to the manu-
facturer’s protocol.
Electrophoretic mobility-shift assay
EMSAs were performed as described previously (Quan et al., 2001,
2005), using nuclear extracts prepared using Nuclear and Cytoplas-
mic Extraction reagents (Pierce, Rockford, IL). Double-stranded
oligonucleotide probes for EMSAs were as follows: CYR61/AP-1
probe, 50-AAATATTCCTGACTCAGAGACACAC-30 (AP-1-binding
site was bold), mut-CYR61/AP-1 probe AAATATTCCTGACTTGGA
GACACAC-30 (mutations in AP-1-binding site in bold), AP-1
consensus (50-CGCTTGATGACTCAGCC-GGAA-30), and mutant
(50-CGCTTGATGACTTGGCCGGAA-30) probes (AP-1-binding site
and mutations in bold) were purchased from Santa Cruz Biotechnol-
ogy. All other oligonucleotides were synthesized by Invitrogen.
For competition experiments, a 10- to 50-fold molar excess of
non-radioactive competitor probes was pre-incubated with the
nuclear extract for 30minutes on ice before [32P]-labeled probes
were added. Gels were transferred to a 3 MM Whatman paper,
vacuum-dried, and scanned using the STORM PhosphorImager
(Molecular Dynamics).
Electrophoretic mobility shift assay coupled with western
blotting
EMSA-coupled western blotting was performed as described previously
(Quan et al., 2005). Briefly, the major retarded bands were excised from
the EMSA gel and extracted (1 PBS, 10mM Tris–HCl, 1% Nonidet P-
40, 1% sodium deoxycholate, 0.5% SDS, 2mgml1 leupeptin, and
100mgml1 pheylmethylsulfonyl fluoride) overnight at 371C. The gel
debris was removed by centrifugation and the supernatant was
concentrated using Centricon-10 (Amicon, Beverly, MA). The samples
were then heated for 5minutes at 951C and subjected to SDS–polya-
cryalmide gel electrophoresis and western blotting.
Statistical analysis
Comparisons between groups were determined with the Student’s
t-test. All P-values are two-tailed and considered significant when
Po0.05.
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